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1  | INTRODUCTION
Agroecosystems	 are	 challenged	 to	 increase	 agricultural	 produc-
tion	 to	 meet	 an	 increased	 demand	 for	 food	 production	 (Lüscher,	
Mueller-	Harvey,	Soussana,	Rees,	&	Peyraud,	2014)	while	preserving	
environmental	 functions	 and	 adapting	 to	 climate	 change	 (Tubiello,	
Soussana,	&	Howden,	2007).	Increased	efficiency	(e.g.	“getting	more	
from	less”)	in	the	use	of	natural	resources	will	underpin	sustainable	








in	 reduced	 animal	 production,	 and	 increases	 the	 need	 for	 reseed-
ing	with	 its	 consequent	 costs.	Here,	we	 focus	on	weed	 control	 as	
an	 important	 objective	 in	 the	 	design	 of	 a	 sustainable	 grassland	
agroecosystem.
Agroecosystems	 involve	 management	 practices	 that	 ultimately	





creased	 species	diversity	 is	 expected	 to	 reduce	 the	availability	of	 re-
sources	to	weeds	through	a	more	complete	use	of	resources	by	resident	
species	 (Renne,	 Tracy,	 &	 Colonna,	 2006).	 Several	 other	 factors	 have	





































intensively	 managed	 grasslands	 are	 relevant	 for	 the	 sustainable	 intensification	 of	
	agriculture	and,	importantly,	are	achievable	through	practical	farm-	scale	actions.
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systems	needs	wider	 investigation	of	 the	 impact	of	diversity	 (species	
identity,	sown	richness	and	sown	species’	relative	abundance)	and	how	
outcomes	generalise	across	environments	and	over	time.






vasion	by	weed	 species.	This	 strongly	 suggests	 that	 to	enhance	eco-










Legume-	based	 grasslands	 offer	 numerous	 agronomic	 and	 en-







designed	 agro-	ecological	 system	 should	 also	 provide	 persistent	 and	






land	species	varying	 in	 two	main	 traits,	N	acquisition	and	pattern	of	
temporal	 development.	 They	 showed	 that	 total	 and	 sown	 species	
above-	ground	biomass	for	four-	species	mixtures	were	greater	than	in	
monocultures	 and	 summarised	 the	value	 of	mixtures	 in	 suppressing	
weeds	 compared	with	 the	 average	 and	 best	monoculture.	Here,	we	
analyse	weed	biomass	from	the	same	experiment	in	detail;	we	compare	































The	 four	 species	 selected	 at	 each	 site	 represent	 four	 distinct	
functional	types	based	on	combining	two	functional	traits,	“method	
of	 nitrogen	 acquisition”	 (Nyfeler	 et	al.,	 2011)	 and	 “pattern	 of	 tem-
poral	development”	 (Finn	et	al.,	2013).	Functional	 types	were:	 fast-	
establishing,	 N2-	fixing	 legume	 (LF);	 fast-	establishing,	 non-	N2-	fixing	
grass	 (GF);	 temporally	persistent,	N2-	fixing	 legume	 (LP);	and	 tempo-
rally	persistent,	non-	N2-	fixing	grass	(GP).	A	total	of	11	locally	adapted	
species	 represented	 the	 functional	 types	 across	 all	 31	 sites	 (Table	
S1.2	 in	Appendix	S1).	At	a	 site,	 the	 four	monocultures	consisted	of	






















We	first	 summarised	 information	on	 the	proportion	and	biomass	of	
weeds	in	mixtures	and	monocultures	for	each	of	3	years	and	on	av-
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Here	Pi	 is	 the	 sown	 proportion	 of	 the	 ith	 species	 in	 the	 com-
munity	(where	Pi	=	0	if	the	species	is	not	included)	and	A	is	density	
(A	=	0	for	low	and	1	for	high	density).	βi	is	the	expected	weed	bio-
mass	of	 the	monoculture	of	 the	 ith	species	 (Pi = 1)	at	 the	 low	 level	






model	M0,	 the	 potential	 of	 all	 the	 pairwise	 interactions	 between	
any	 two	 species	 to	 contribute	 to	 function	 is	measured	 by	 δ.	 This	
contribution	of	all	pairwise	interactions	depends	on	the	sown	pro-





of	 forms	 for	 the	DE	 and	 for	 the	 biodiversity–ecosystem–function	
relationship	(Connolly	et	al.,	2013).
There	 are	 many	 directions	 in	 which	 this	 model	 (M0)	 can	 be	
extended	 (Connolly	 et	al.,	 2013;	Kirwan	et	al.,	 2009)	 but	 the	data	
summary	 of	 the	 mean	 weed	 biomass	 for	 all	 15	 communities	 for	
each	 year	 (Figure	1a)	 guided	 the	 choice	 (Tables	 S2.2	 and	 S2.3	 in	
Appendix	S2.1).	The	 level	 of	 average	weed	biomass	was	 generally	
low	across	all	11	mixtures	in	each	year,	and	weed	biomass	was	gen-
erally	 much	 greater	 in	 monocultures,	 particularly	 in	 legumes.	 The	
greater	 weed	 biomass	 in	 legume	 compared	 with	 grass	 monocul-
tures	 suggested	 that	 the	 effects	 of	 diversity	 in	 the	model	 should	
be	asymmetric,	greater	for	mixtures	with	high	sown	legume	content	
to	reduce	the	mean	weed	biomass	to	the	generally	low	weed	levels	






In	model	M1,	 the	DE	 now	 includes	 the	 evenness	variable	Eθ of 
M0	and	two	variables	based	on	the	sown	proportions	of	legumes	(L)	
and	 persistent	 species	 (P).	 The	 variables	 La = L−0.5 and Pa  = P−0.5 
represent	the	G-	L	and	F-	P	functional	axes	respectively,	and	are	both	
centred	to	be	zero	for	the	equiproportional	community.	βi and α coef-
ficients	are	interpreted	as	in	M0.	The	expected	DE	for	a	community	is	




by	profile	 likelihood	 (Pawitan,	2001)	and	all	other	 fixed	and	random	
coefficients	 in	M1	were	estimated	using	a	random	coefficients	 (ran-
dom	across	sites)	mixed	models	maximum	likelihood	procedure	with	
repeated	 measures	 analysis	 across	 years	 (Verbeke	 &	 Molenberghs,	
2000).	 Various	 hypotheses	 were	 tested	 using	 predictions	 from	 the	
model and t,	Wald	and		chi-	squared	tests.









3.1 | Weed suppression varied among monocultures
There	were	marked	differences	between	monocultures	in	weed	sup-
pression	 which	 changed	 across	 time	 (Question	 1).	 In	 the	 first	 year	





































βiPi+αA+δEθ +δLLaEθ +δPPaEθ +ε
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monoculture	and	75%	of	 that	 in	 the	most	 suppressive	monoculture	
for	the	site.	Across	years	and	sites	virtually	every	mixture	had	a	lower	
average	weed	 biomass	 than	 the	 average	 of	 all	 sown	 monocultures	
(Table	3),	 and	 also	 when	 averaged	 over	 sites	 and	 years	 (Figure	1a).	
The	 reduction	 of	weed	 biomass	 in	mixtures	was	 significantly	 trans-
gressive	in	most	sites	and	persisted	across	years	(Table	3,	Figure	3	and	
Figures	S1.2	and	S1.3	 in	Appendix	S1).	This	 result	was	 independent	
of	 site	 productivity	 (Figure	3),	which	 differed	 considerably	 between	
sites,	 with	 average	 annual	 total	 biomass	 ranging	 from	 about	 3	 to	
18	t	DM	ha−1 year−1.
Transgressive	suppression	occurred	along	the	G-	L	and	F-	P	axes	





sive	 for	 predictions	 along	 both	 axes,	 significantly	 so	 in	 almost	 all	
cases	(Figure	2)	and	was	especially	strong	in	mixtures	dominated	by	
legumes	(Figure	2a).
3.3 | Level of weed biomass consistently low 
across mixtures
The	model	 showed	 that	 there	were	 significant	 differences	 in	weed	














3.4 | Plot level variability of weed biomass lower 
in mixtures
Not	 only	 was	 weed	 biomass	 much	 lower	 in	 mixtures	 but	 it	 was	
also	 much	 less	 variable.	 The	 estimated	 standard	 deviation	 (SD in 
t	DM	ha−1)	of	weed	biomass	for	a	plot	within	a	site	was,	on	average,	
lower	 (p	<	.0001)	 in	 mixtures	 (0.416)	 than	 in	 monocultures	 (1.770)	
(Figure	4,	Table	S2.4	in	Appendix	S2.2).
3.5 | Generalised diversity- interactions model
Model	 M1	 fit	 the	 data	 very	 well	 (Figure	1b,	 Figure	 S2.2	 in	
Appendix	S2.1)	and,	in	particular,	showed	the	surprisingly	flat	patterns	
of	 weed	 biomass	 in	mixtures	 apparent	 in	 the	 raw	 data	 (Figure	1a).	
Across	 all	 sites	 there	 were	 11	 species	 representing	 the	 four	 func-
tional	types	(GF,	GP,	LF and LP);	however,	model	M1	with	identity	ef-
fects	for	four	functional	types	fitted	as	well	as	a	model	with	separate	







4.1 | Diversity enhanced weed suppression in 
grassland swards
Across	 31	 sites	 and	 3	years,	 average	 weed	 biomass	 across	 all	
grass–legume	mixtures	was	52%	 less	 than	 in	 the	most	 suppressive	






Year 1 Year 2 Year 3
Estimatea SE p Estimate SE p Estimate SE p
β1 GF 0.78 0.124 <.0001 1.23 0.182 <.0001 1.48 0.193 <.0001
β2 GP 1.19 0.145 <.0001 0.99 0.210 <.0001 0.91 0.178 <.0001
β3 LF 1.69 0.160 <.0001 3.27 0.276 <.0001 3.83 0.295 <.0001
β4 LP 2.13 0.178 <.0001 3.30 0.290 <.0001 3.57 0.294 <.0001
α Density −0.12 0.028 <.0001 −0.04 0.027 .1368 −0.05 0.029 .0691
δ Eθ −0.86 0.097 <.0001 −1.77 0.149 <.0001 −2.06 0.141 <.0001
δL La
a Eθ −0.72 0.160 <.0001 −2.09 0.281 <.0001 −2.48 0.285 <.0001
δP Pa
a Eθ −0.43 0.136 .0019 −0.13 0.241 .5922 0.13 0.221 .5575
aEstimates	of	monoculture	effects	are	calculated	at	average	density.
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biomass	in	mixtures	was	consistently	low	across	a	wide	range	of	spe-
cies’	 proportions	 for	 the	duration	of	 the	 experiment.	 Transgressive	
suppression	 of	 weed	 biomass	 was	 consistent	 across	 years,	 and	
was	significant	within	most	sites.	Weed	biomass	was	also	 less	vari-
able	 (standard	 deviation	 of	 plot	 weed	 biomass)	 in	 mixtures	 than	
monocultures.	The	suppressive	effects	of	mixtures	on	weed	biomass	
held	over	 the	wide	 range	of	environmental	 conditions	 (soil,	 climate	
and	productivity)	represented	by	the	31	experimental	sites	in	Europe	
and	Canada.	We	attribute	the	strong	DEs	on	weed	suppression	to	the	
targeted	use	of	 species	with	complementary	 functional	 traits	 for	N	
acquisition	and	persistence.
4.2 | Enhanced resource acquisition by mixtures largely 
explains weed suppression in mixtures vs. monocultures
In	general,	more	diverse	grasslands	produce	greater	 total	and	sown	
biomass	as	a	consequence	of	diversity-	dependent	processes	that	pro-







et	al.,	 2013),	 and	 higher	 biomass	 production	 could	 be	 attributed	 to	
complementarity	 in	functional	 traits	 leading	to	 increased	acquisition	
of	 resources	 (Hoekstra,	 Suter,	 Finn,	Husse,	 &	 Lüscher,	 2015;	 Suter	
et	al.,	 2015).	 Taking	biomass	 as	 a	 proxy	 for	 resource	 acquisition	 (in	
the	 absence	 of	 uptake	 studies),	 reduced	weed	 biomass	 in	mixtures	
implies	 that	 less	 resources	were	acquired	by	weeds	 in	mixture	than	
in	 monoculture,	 suggesting	 that	 this	 was	 a	 direct	 consequence	 of	
higher	resource	acquisition	by	sown	species	in	mixtures.	Despite	the	
caveat	 that	 positive	 effects	 of	 diversity	 on	 total	 biomass	 can	make	
it	 difficult	 to	 disentangle	mechanisms	 leading	 to	weed	 suppression	
(Tracy	&	Sanderson,	2004),	we	feel	that	it	 is	useful	to	explore	some	
mechanisms.
Given	 that	N	 is	often	 the	most	 limiting	 resource	 in	mesic	grass-
lands,	 N	 acquisition	may	 have	 an	 especially	 important	 influence	 on	
yields	 in	 most	 of	 our	 sites.	 Differences	 in	 N	 acquisition	 between	
monocultures	 and	mixtures	 can	 affect	 soil	 N	 availability	 (as	well	 as	
other	resources;	Hoekstra	et	al.,	2015),	with	corresponding	effects	on	
weed	biomass.	For	example,	legume	monocultures	are	prone	to	being	
invaded	 (Mwangi	 et	al.,	 2007;	 Prieur-	Richard	 et	al.,	 2002),	 partly	 by	
increasing	N	availability	 to	 invaders;	 in	contrast,	grass	monocultures	
are	generally	more	resistant	 to	weed	 invasion	 (Mwangi	et	al.,	2007),	






spheric	N,	which	 leads	 to	greater	 sown	biomass	 (Figure	1c;	 Lüscher	
et	al.,	 2014;	 Suter	 et	al.,	 2015).	 However,	 at	 levels	 of	 N	 fertiliser	
comparable	to	those	used	in	our	study,	many	grass–legume	mixtures	
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In	addition	to	this	strong	role	of	N,	more	effective	capture	of	light	
in	mixtures	 than	monocultures	has	been	suggested	as	an	 important	
mechanism	 for	 weed	 suppression	 (Frankow-	Lindberg,	 2012;	 Renne	
et	al.,	2006;	Sanderson	et	al.,	2012).	Husse	et	al.	(2016)	showed	that	




increased	 penetration	 of	 light	 could	 promote	weed	 development	 at	









necessarily	 exclude	 other	 mechanisms,	 e.g.	 weed	 species	 identity	
(Roscher,	Temperton,	Buchmann,	&	Schulze,	2009).
4.3 | Weed biomass did not vary greatly 
across mixtures
The	relatively	small	change	 in	weed	biomass	across	11	mixtures,	or	


















Year 1 Year 2 Year 3
Total	biomass
Across	all	mixtures 10.48 10.18 8.24
Across	all	monocultures 7.83 7.72 6.38
Weed	biomass
Across	all	mixtures 0.62 0.46 0.44
In	most	suppressive	monocultureb 0.71 0.62 0.70
Across	all	monocultures 1.45 2.23 2.40
Weed	proportion
Across	all	mixtures 0.07 0.06 0.08
In	most	suppressive	monoculture 0.12 0.08 0.11
Across	all	monocultures 0.23 0.33 0.42
aWeed	proportion	=	annual	weed	biomass/total	annual	biomass.
bMonoculture	with	lowest	weed	biomass	averaged	across	all	years	at	the	site.
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This	 is	 important	 for	 theoretical	 and	 practical	 reasons.	 Any	 expec-
tation	 that	 decreasing	 evenness	might	 lead	 to	 a	 notable	 decline	 in	









across	 time	 (Fig.	1b)	 but	 increases	 relative	 to	 all	 other	monoculture	
species	with	 time,	mainly	 due	 to	 increased	weed	 biomass	 in	 those	
monoculture	species	(see	also	Roscher	et	al.,	2009).	This	shows	that	
changing	evenness	is	not	a	hugely	influential	force	in	these	systems,	
either	 in	 respect	 of	 weed	 biomass	 relative	 to	 the	 equiproportional	
mixture	or	in	respect	of	monocultures.
From	an	agronomic	viewpoint,	this	relative	unimportance	of	even-
ness	 in	affecting	weed	biomass	across	mixtures	means	 that	 there	 is	
no	 need	 to	 be	 over-	concerned	with	maintaining	 close	 limits	 on	 the	






We	 suggest	 that	 the	 mechanisms	 behind	 the	 relatively	 flat	
sown	biomass	 response	across	mixtures	 and	 time	are,	 as	 in	 the	
previous	 section	on	 transgressive	 suppression,	 largely	based	on	
the	 process	 of	N	 acquisition	 in	 grass–legume	mixtures	 (Nyfeler	
et	al.,	 2011).	 Differential	 light	 use	 by	 communities	 is	 even	 less	
likely	 to	 be	 a	 factor	 affecting	weed	 biomass	when	we	 consider	
only	mixtures.	Our	use	of	combinations	of	 fast-	establishing	and	
temporally	persistent	 species	was	 intended	 to	maximise	 the	 in-
terception	 of	 light	 in	 mixtures	 through	 quick	 gap-	filling	 during	
establishment	of	the	grassland	canopy	and	maintaining	a	largely	





We	 show	 that	 under	 a	 cutting	 management,	 weed	 invasion	 in	
grassland	swards	can	be	diminished	through	combining	agronomic	
species	selected	for	complementary	traits	regarding	N	acquisition	
and	 yield	 persistence	 in	 systems	 designed	 to	 reduce	 reliance	 on	
fertiliser	N.	Mixtures	had	consistently	lower	and	less	variable	levels	
of	weed	 biomass	 compared	with	monocultures	 across	 time,	 irre-
spective	 of	 species’	 proportions	 in	 the	mixtures.	 Thus,	 grassland	
mixtures	can	sustain	increased	productivity	(Finn	et	al.,	2013)	and	






Year of harvest (number of sites)






All	available	years 99.7 67.4 31/31 19/31
Year	1	(31) 95.3 51.3 31/31 15/31
Year	2	(30) 99.7 64.8 30/30 17/30
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to	manage	the	evenness	of	the	species	in	the	mixture.	Furthermore,	
these	results	broadly	apply	across	the	continental	span	of	our	sites,	
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